EVALUATION OF THE EARTHQUAKE GROUND-SHAKING HAZARD
FOR EARTHQUAKE-RESISTANT DESIGHN

WALTER H. HAYS

This paper describes current research that can be applied to evaluate
the earthquake ground-shaking hazard in any geographic region. Because
most of the spectacular damage that takes place during an earthquake is
caused by partial or total collapse of buildings as a result of ground
shaking or the triggering of geologic effects such as ground failures
and surface faulting, an accurate evaluation of the ground-shaking hazard
is an important element of: (1) vulnerability studies; (2) specification
of seismic design parameters for earthquake-resistant design of build-
ings,y lifeline systems, and critical facilities; (3) assessment of risk
(chance of loss); and (4) the specifications of appropriate building
codes. Although the physics of ground-shaking, a term used to describe
the vibration of the ground during an earthquake, is complex, ground-
shaking can be explained in terms of body waves (compressional, or P,
and shear, or S) and surface waves (Rayleigh and Love) (see Figure 1).
Body and surface waves cause the ground and, consequently, a building
and its contents and attachments to vibrate in a complex manner. Shear
waves, which cause a building to vibrate from side to side, are the
most damaging waves because buildings are more susceptible to horizontal
vibrations than to vertical vibrations.

The objective of earthquake-resistant design is to construct a building
so that it can withstand the vibrations .caused by body and surface
waves. In earthquake-resistant design, knowledge of the amplitude, fre-
quency composition, and time duration of vibrations is needed. The
quantities are determined empirically from strong motion accelerograms
recorded in the geographic area or in other areas hav1ng similar geo]ogxc
characteristics.

In addition to ground-shaking, the occurrence of earthquake-induced
ground failures, surface faulting, and, for coastal locations, tsunamis
also must be considered. Although ground failures induced during earth-
quakes ‘have caused many thousands of casualties and millions of dollars
in property damage throughout the worid, the impact in the United States
has been limited primarily to economic loss. During the 19639 Prince
William Sound, Alaska, earthquake, ground failures caused about 60 per-

cent of the estimated $500 million total loss; landslides, lateral spread
failures, and flow failures caused damage to highways, railway grades,
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bridges, docks, ports, warehouses, and single-family dwellings. In
contrast to ground failures, deaths and injuries from surface faulting
are unliikely; however, buildings and lifeline. systems located in the
fault zone can be severely damaged. Tsunamis, long period water waves
caused by the sudden vertical movement of a large area of the sea floor
during an earthquake, have produced great destruction and loss of iife
in Hawaii and along the West Coast of the United States. Tsunamis have
occurred in the past and are a definite threat in the Caribbean. Histor-
ically, tsunamis have not been a threat on the East Coast.
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FIGURE 1| Schematic illustration of the directions of vibration caused
by body and surface seismic waves generated during an earthquake. When
a fault ruptures, seismic waves are propagated in all directions, causing
the ground to vibrate as a consequence of the ground-shaking, and damage
takes place if the building is not designed to withstand these vibra-
tions. P and S waves mainiy cause high-fregquency (greater than | Hertz)
vibrations that are more efficient in causing low buildings to vibrate.
Rayleigh and Love waves mainly cause low-frequency vibrations that are
more efficient than high-frequency waves in causing tall buildings to
vibrate. '
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EVALUATION OF THE GROUND-SHAKING HAZARD

No standard methodology exists for evaluating the ground-shaking hazard
in a region., The methodology that is used (whether determ1n|st1c or
probablllstlc) seeks answers to the following questlons.

1. Where have past earthquakes occurred7 Where are they occurring
now? : '

2. Why are they occurrxng?

3. How big are the earthquakes?

4. How often do they occur?

5. What are the physical characteristics (amplitude, Frequency com—
position, duration) of the ground shaking and the physical
effects on buildings and other facilities?

6. What are the options for achieving earthquake-resistant design?

The ground-shaking hazard for a community (Figure 2) may be presented
in a map format. Such a map displays the special variation and relative
severity of a physical parameter such as peak ground acceleration. The
map provides a basis for dividing a region into geographic regions or
zones, each having a similar relative severity or response throughout
. its extent to earthquake ground-shaking. Once the potential effects of
ground-shaking have been defined for all zones in a region, public palicy
can be devised to mitigate its effects through appropriate actions such
as avoidance, land-use planning, engineering design, and distribution
of losses through insurance (Hays, 1981). Each of these mitigation
strategies require some sort of zoning (Figure 2). The most familiar
earthquake zoning is contained in the Uniform Building Code (UBC) whose
aim is to provide a minimum earthquake-resistant des1gn standard that
will enable the building to:

1. Resistant minor earthquakes without damage,

2. Resist moderate earthguakes without structural damage but
with some nonstructural damage, and

3. Resist major earthquakes with structural and nonstructural
damage but without collapse.

HISTORY OF SEISHIC ZONING

Zoning of the earthquake ground-shaking hazard--the division of a region
into geographic areas having a similar relative severity or response to
ground-shaking—-has been a goal in the contiguous United States for
about 50 vears. During this period, two types of ground-shaking hazard
maps have been constructed. The first type (Figure 3) summarizes the
empirical observations of past earthquake effects and makes the assump-
tion that, except for scaling. differences, approximately the same physi-
cal effects will occur in future earthquakes. The second type (Figures
4-6) utilizes probabilistic concepts and extrapolates from regions having
past earthquakes as well as from regions having potential earthguake
sources, expressing the hazard in terms of either exposure time or return
per\od :
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FIGURE 2 Schematic illustration of a typical community having physical
systems (public/community facilities, industrial, transportation, and
housing) exposed to earthquake hazards. Evaluation of the earthgquake
hazards provides policymakers with a sound physical basis for choosing
mitigation strategies such as avoidance, land-use planning, engineering
design, and distribution of losses through insurance. Earthquake zoning
maps are used in the implementation of each strategy, especially for
buiiding codes.
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FIGURE 3 Seismic hazard zones based on historical modified Mercalli
intensity (MMI) data and the distribution of damaging earthquakes {Alger—-
missen, 1969). This map was adopted in the 1970 edition of the UBC and
incorporated, with some modifications, in later editions. Zone 3 depicts
the greatest hazard and corresponds to MMI VIII and greater.
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FIGURE 4 Map showing preliminary design regionalization zones for the
contiguous United States proposed by the Appliied Technoiogy Council
(ATC) in 1978. - Contours connect areas underlain by rock having equal
values of effective peak acceleration. Mapped values have a 90 percent
probabil ity of not being exceeded in a 50-year period. Zone | represents
the lowest hazard (0.06 g). Sites located in Zone 4 reguire site-spe-
cific investigations. This map was based on research by Algermissen
and Perkins (1976). o '
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FIGURE 5 Graph showing levels of peak horizontal ground acceleration
expected at bedrock sites in the Memphis, Tennessee, and the St. Louis,
Missouri, areas in various exposure times. The values of peak accelera-
tion ‘have 3 9g percent probability of nonexceedance. An exposure. time
of 50 years corresponds to the useful life of an ordinary building and
is typicaliy used in many building codes.
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FIGURE 6 Graph showing levels of peak horizontal ground acceleration
expected at bedrock sites in the Charleston, South Caroclina, and the
Seattle, Washington, areas in various exposure times. For comparison,
San Francisco, California, also is included. The values of peak acceler-
ation have a 90 percent probability of nonexceedance. An exposure time
of 50 years corresponds to the usefuyl life of an ordinary building and
is typically used in many building codes.
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PROCEDURE FOR EVALUATING THE GROUMD-SHAKING HAZARD

Construction of a ground-shaking hazard map requires data on:

Seismicity,

1.

2. Earthquake source zones,

3. Attenuation of peak acceleration, and
4, Local ground response.

The procedure for constructxng a ground-shaklng hazard map is 1Ilustrated
schematically in Figure 7. Except for probabilistic ‘considerations a
determinvstic map would Follow the same general procedure,

RESEARCH meuzﬁs

“A number of complicated research problems are invalved in the evaluatlon
of the ground-shaking hazard (Hays, 1980). These problems must be ad-

dressed if more accurate specifications of the ground-shaking hazard
are desired. The problems can be categorized in four general areas--

seismicity, nature of the earthquake source zone, seismic wave atten-

uation, and local ground response--with each area having a wide range

-of technical issues. Presented below are representative questions,
‘which generally cannot be answered with a simple "yes" or "no," that
”illustrate the controversy associated with ground-shak1ng hazard maps.

Seismicitz

‘0 Can catalogs of instrumentally recorded and felt earthquakes (usually

representing a regional scale and a short time interval) be used to
give a precise specification of the Frequency of occurrence of major
' earthquakes on & local scale?

o Can the seismic cycle of 1nd1v1dual fault systems be determined accur-
ately and, if so, can the exact position in the cycle be identified?

o. Can the 1ocatlon and magnttude of the largest earthquake that . is
physvcally possible on an individual fault system or in a seismo-
tectonic: province be specified accurately? Can the recurrence of
this event be specified? Can the frequency of occurrence of small
earthquakes be spec1f1ed7 ' - ' .

.0 Can seismic gaps (1 e., locations hav1ng a noticeable lack of earth-

- quake activity surrounded by locations hav1ng activity) be 1dent1f1ed
, and thelr earthquake potential evaluated accurately?

o Does the geologic evidence for-the occurrence of major tectonic epi-

" sodes -in the geologic past and the evidence provided by current and
historic patterns of seismicity in a geographic region agree? If
'vnot, can- these two sets of data be reconciled? :
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FIGURE 7 Procedure for constructing a grounding-shaking hazard map.



The Nature of the Earthquake Source Zone

Can seismic source zones be defined accurately on the basis of his-
toric seismicity, on the basis of geology and tectonics, or on the
basis of historical seismicity generalized by geologic and tectonic
data? Which approach is most accurate for use in deterministic stu-
dies? Which approach is most accurate for use in probabilistic stu-.
dies? ' ’ :

Can the magnitude of the largest earthquake expected to occur in a
given period of time on a particular fault system or in a seismic
source zone be estimated correetly?

Has the region experienced its maximum or upper-bound earthquake?

Should the physical effects of important earthquake source parameters
such as stress drop and seismic moment be guantified and incorporated

in earthquake-rESIStant desxgn even though they are not traditionally
used? .

Seismic Have Attenuatlon

Can the complex details of the earthquake fault rupture (e.qg.. rupture»
dimensions, fault type, fault offset, fault slip velocity) be modeled
to give precise estimates of the amplitude and frequency character-.
istics of ground motxon both close to the Fault and far From the
fault?

Do peak ground-motion parameters (e g., peak acceleration) saturate
at targe magnitudes?

Are the data bases adequate for defining bedrock attenuation laws?
Are they adequate for defining scil attenuation laws? :

‘Local Ground Response

For specific soil types is there a discrete range of peak ground-
motion values and levels of dynamic shear strain for which the ground
response is repeatable and essentially linear? Under what in-situ
conditions do non-linear effects dominate?

Can the two- and three-dimensional variations of selected physical
properties (e.g., thickness, lithology, geometry, water content,
shear-wave velocity, and density) be modelled accurateliy? Under
what physical conditions do one or more of these physical properties
control the spatial variations, the duration, and the amplitude and
frequency composition of ground response in a geographic region?

Does the uncertainty associated with the response of a 5011 and rock -
column vary with magnitude? :



CONCLUS IONS

Improved maps of the earthguake ground-shaking hazard will come as rele-
vant geologic and seismological data are collected and synthesized.
The key to progress will be the resolution of the research problems

identified above.
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